• N up to −3 cm/year, and positive up to 5 cm/year just north of Scotland). Trends in European precipitation are assessed using the Climatic Research Unit data set. The results of the assessment emphasize the link with the corresponding tendencies of cyclone frequencies. Finally, it is shown that these changes are associated, to a large extent, with the preferred phases of major large-scale atmospheric circulation modes, particularly with the North Atlantic Oscillation, the eastern Atlantic pattern, and the Scandinavian pattern.
Introduction
Observational studies indicate significant climate trends at different time scales over the entire North Atlantic basin and associated large Ocean and European continent, in every season of the year, particularly over Europe. 2 Concerning precipitation, the last century was characterized by a positive trend for the eastern half of the North American continent and northern Europe. 1 Southern Europe (Mediterranean basin), however, suffered a slight decrease in rainfall. 3, 4 In recent decades, the asymmetrical trends of precipitation in Europe have been enhanced, i.e., northern (southern) Europe is under a positive (negative) precipitation trend. 5 Spatial patterns of precipitation trends are more difficult to characterize than those obtained for temperature trends, as the precipitation regime can vary considerably over relatively short distances. Moreover, precipitation trends can present significant discrepancies within each season that can easily undermine any trend analysis performed at the seasonal scale. 6 For example, in recent decades a significant decrease (increase) in spring precipitation in southwestern (northwestern) Europe has been detected and described. 5, [7] [8] [9] However, it has now been shown that such trends are mostly concentrated in the month of March, particularly the outstanding decline of March precipitation throughout the western Mediterranean sector, which does not occur in April and May. 10 Linear trends of Significant Wave Height (SWH) for the period 1950 to 2002 have been shown to be statistically significant and positive over most of the mid-latitudinal North Atlantic. 11 These results have been confirmed with hindcasts of waves for the Atlantic Ocean that have shown an increase in mean SWH and also an increase in SWH extremes during the last four decades. [12] [13] [14] Naturally these changes in SWH are linked to changes to the two main sources of SWH, namely a) the local surface wind speed and b) the swell component that is largely determined by the frequency and intensity of remote storms. 1 The physical processes responsible for these trends and changes seem to be acting on a hemispheric to global scale, including external forcings and changes in large-scale atmospheric circulation, with a negligible role being played by local and regional factors, such as changes in land use. It is now widely accepted that changes in atmospheric circulation imply significant changes in: wind patterns, favored storm track routes, precipitation patterns, oceanic wind-driven waves, and surface fluxes. 1, 15 In particular, several studies have shown that cyclone activity over the northern Atlantic has changed throughout the second half of the 20th century with a poleward shift in storm track location and increased storm intensity, but a decrease in total storm numbers, e.g., Refs. 16, 17 . The magnitude and spatial pattern of trends in cyclone activity are sensitive to the storm tracking methodology as well as to the reanalysis data set used. 18 Station pressure data over the North Atlantic-European sector (NAE, defined between lat • N and long 75
• W-20
• E) shows a decline in storminess from high levels between the late 19th century to lower levels during the 1960s, followed by an increase to maximum levels around 1990 and dropping slightly subsequently. [19] [20] [21] Recent results from studies of the long-term variability of storminess affecting the Azores archipelago have corroborated this picture, although the minimum activity was found during the 1950s. 22, 23 On the other hand, several studies have provided evidence for a similar temporal evolution of surface wind extremes over western Europe where the late 1980s and 1990s were characterized by more frequent storms and high wind speeds, 19, 24, 25 which were responsible for high losses of insured property. 23, 26 We intend to assess trends of cyclonic activity based on the objective methodology developed by one of us to detect and track all mid-and high-latitude Atlantic (and Mediterranean) cyclones. 5, 27, 28 This approach enables the evaluation of interannual variability and trends of cyclone frequencies for the NAE region and relates these with continental climate trends and changes of ocean wave height.
It is now widely accepted that most largescale modes of atmospheric circulation in the Northern Hemisphere have already been described in the existing literature. 29, 30 It should be stressed that the relevance of these modes is seasonally dependent, i.e., they only have a signature during part of the year. 29 Different approaches have been developed over the last decade to assess the impact of the most relevant modes on the European climate, mostly in terms of precipitation and temperature fields. Generally speaking, these studies can be clustered within two different approaches 31 Despite their different methodologies, these studies tend to agree that the most important modes of atmospheric circulation at the monthly/seasonal timescale are: a) the NAO, b) the eastern Atlantic (EA) pattern, sometimes identified as the eastern Atlantic/Western Russia pattern (EA/WR; EU2 of Ref. 29) , and c) the Scandinavian pattern (SCAND; EU1 of Ref. 29 ). We will focus our analysis on the impact of the modes that most significantly affect the climate of Europe and Atlantic wave height, and these are: NAO, EA, and SCAND. While these modes are defined throughout the year, their strength varies considerably, being more prominent in winter and less well defined in the summer months. 29, 40, 43 Moreover, the impact of these major circulation modes upon the precipitation of Europe is also greater during the winter months. 41, 43 Therefore, our analysis will be restricted to the extended winter season that spans between October and March.
The main objectives of this paper are twofold and can be summarized as follows: a) to analyze monthly trends in cyclone activity and wind speed and relate such changes with the corresponding trends in European precipitation and SWH over the North Atlantic basin; b) to evaluate the link between the interannual variability of these variables and major large-scale circulation modes, namely the NAO, the EA pattern, and the SCAND pattern.
Data Sets and Methodology

European Precipitation
Monthly values of precipitation between 1960 and 2000 for the entire European continent and part of North Africa were obtained from the high resolution (0.5
• latitude by 0.5
• longitude) data set developed by New et al. 44, 45 at the Climatic Research Unit (CRU). This data set uses a dense network of observations, particularly over Europe. The spatial patterns of monthly average precipitation over Europe can be seen in Figure 1 .
Storm Tracks and Wind
The analysis of atmospheric circulation at the monthly and synoptic scales over the NAE sector (lat • N, long 85
• W-70
• E) was based on the European Centre for MediumRange Weather Forecasts (ECMWF) reanalysis (ERA-40) data set from 1960 until 2000. 46 Geopotential height at 1000 hPa, wind components (zonal (u) and meridional (v )), and sea level pressure (SLP) fields have been extracted from the 1.125
• × 1.125
• regular grid. The average extended winter (October-March) wind speed pattern can be appreciated in Figure 2 . Monthly and seasonal trends for the u and v components and 10-m wind speed were also computed.
A number of distinct objective methodologies have been developed to track paths of individual storms. 16, [47] [48] [49] [50] [51] These different approaches and the availability of several reanalysis comprehensive data sets have enabled the compilation of long-term climatologies. 5, 17, 24, 52, 53 Several approaches have compared cyclonic tracking methods as well as original data set resolution. 5, 18, 54, 55 Here, the detection and tracking of North Atlantic cyclones is based on the algorithm first developed for the Mediterranean region by Trigo et al. 28, 51 and recently adapted to the entire North Atlantic area. 5, 56 For storm-tracking purposes we have used the reanalysis full spatial resolution 1.125
• grid for the entire NAE sector. Cyclones are identified as minima in geopotential height fields at 1000 hPa, fulfilling a set of conditions regarding the central pressure and the geopotential gradient. The tracking is based on a nearest neighbor search in consecutive charts, assuming that the speed of individual storms is less than 50 km/h in the westward direction and 110 km/h in any other. Further details on the cyclone-detecting and tracking methodology may be found in Trigo et al. 28, 51 and Trigo. 5 For the purpose of this study, only lows lasting a minimum of 24 h and presenting minimum pressure values below 1010 hPa throughout their life cycle were considered.
As an example, we show in Figure 3 the complete trajectories of every cyclone with a minimum life span of 3 days detected during February 2000 in the NAE. The dots within individual storm tracks correspond to the cyclone centers that were detected on 6-h SLP fields. It is important to keep in mind that this type of algorithm identifies and follows cyclone centers. Therefore, the cyclone's associated impact on precipitation extends to the south of each path, accompanying the main fronts associated with the synoptic systems tracked by the algorithm. 57 Long-term averages of cyclone counts were computed at both monthly and seasonal scales for the period 1960-2000, and the individual winter monthly averages between October and March can be observed in Figure 4 . EA monthly averages of cyclone counts are associated with the corresponding monthly precipitation observed over the European continent ( Fig. 1 ).
Significant Wave Height
The monthly SWH presented here was obtained from the ERA-40 reanalysis through the Koninklijk Nederlands Meteorologisch Instituut (KNMI). These data, obtained initially from the original 6-h global fields, were used to elaborate the KNMI ERA-40 wave atlas available at http://www.knmi.nl/waveatlas. 13, 58 The horizontal resolution of the global fields used here is 1.5
• × 1.5
• . The ERA-40 reanalysis used a coupled atmosphere-wave model [Integrated Forecasting System (IFS)] with variational data assimilation. 59 IFS is a state-ofthe-art model, very similar to the one used operationally by ECMWF for weather forecasts, though with lower resolution. The wave model used in IFS is WAM, 60 a third-generation model in which the wave spectrum is computed by integration of the energy balance equation without any prior restriction of the spectral shape. 13 From the full spectrum, integral quantities, such as SWH or mean wave frequency, are calculated.
The SWH is equivalent to the average of the highest one-third of waves in a sea state, corresponding to what an experienced sailor would report to characterize the wave height. The SWH is computed as four times the squareroot of the 0-order spectral moment, with the directional wave spectra being calculated by the ERA-40 wave model. According to Ref. 13 , among the caveats of the ERA-40 SWH data presented in the KNMI wave atlas is the fact that the estimates are based on data averaged on a 1.5
• area and time averaged on 6 h. The approximate time a long wave would take to cross the diagonal of such a grid cell at mid-latitude is about 3 h. Therefore, for short time or space scales, waves can be higher than those represented in ERA-40. Moreover, tropical storms are not properly resolved on a 1.5
• grid. In regions of tropical cyclones, extreme wave heights are, therefore, expected to be higher than in the ERA-40 data set. It should be noted also that the ERA-40 model does not account for shallow water effects and, therefore, the ERA-40 ocean wave data is only valid in deep water regions.
The SWH data was subjected to a validating procedure using buoy observations and altimeter measurements. This validation process encountered deficiencies in the ERA-40 SWH data set. The problems found with the ERA-40 SWH data are the existence of heterogeneities in time, which limits the use of the data for studies of climate variability and trends, and the underestimation of high wave heights. 13 The data was corrected by KNMI through a nonparametric method that predicts the bias between SWH ERA-40 data and TOPEX altimeter measurements, 58 and the corrected new global 6-h data set C-ERA-40 was the end result. Comparison of the C-ERA-40 data set with SWH measurements from buoy observations and global altimeter data shows clear improvements in both biases, scatter and quantiles in the whole range of SWH values, as well as the removal of the heterogenities that were caused by changes in altimeter wave height assimilation. 13 The KNMI has supplied a 31-year subset of the ERA-40 and C-ERA-40 data for the period 1970-2000. The 1970-2000 climatology of the extended winter SWH in the NAE region is presented in Figure 5 for the original (left) and corrected (right) data. Corrected ERA-40 values are higher than noncorrected ones. Maximum values, which are located south of Greenland and Iceland at the British Isles' latitude, are just above 4 m in the original data and are just below 5 m in the C-ERA-40 data set. The Mediterranean Sea has wave heights below 2 m during the 6-month cold season.
Large-scale Circulation Patterns
Different approaches have been developed to derive the main atmospheric circulation 29 applied to monthly mean standardized 500-mb geopotential height anomalies. Spatial patterns of the three main teleconnections over the NAE region can be seen in Figure 6 and represent the NAO (top), EA (middle), and SCAND (bottom) patterns. This figure represents the temporal correlation between the monthly standardized height anomalies at each point and the monthly teleconnection pattern time series from 1960 to 2000.
Trend Analysis
Wind and Cyclone Trends
Long-term decadal trends of cyclone densities were computed at both monthly and seasonal scales for the period 1960-2000. Graphics were computed on cell boxes with 9
• longitude by 9
• latitude for the period 1960-2000. Results obtained for the individual extended winter months can be seen in Figure 7 and are shown only for cells with the most pronounced trends (>5% per decade). Furthermore, results are restricted to grid boxes with at least 1 cyclone count on average for the whole study period, which eliminates a large section of the subtropical Atlantic. The corresponding trends of near surface wind speed are represented in Figure 8 . The two figures appear to be generally in good agreement, showing consistent trends for both variables. In particular, the Iberian Peninsula and the Mediterranean basin show a decline of both cyclonic activity and wind speed throughout the entire extended winter period. Looking at these two figures, it is possible to distinguish a different behavior for each winter half. The months between October and December are generally characterized by an increase in wind speed and some cyclonic activity in several sectors of the Northern Atlantic basin. The second part of winter, between January and March, presents a very distinct pattern with different trend signals being organized within latitudinal bands. The northern (southern) sector of the North Atlantic, between Greenland and Scandinavia (Azores and Mediterranean) presents an important increase (decrease) of both cyclonic activity (Fig. 7 ) and wind speed (Fig. 8) .
The decline in cyclonic activity in February and March between Newfoundland and the Iberian Peninsula is particularly impressive. In fact, the negative trend extending from the Azores archipelago, in the mid-Atlantic Ocean, to the west of Iberia is significant at least at 10%. The average decline in cyclone count per decade reaches values over 20% over the Azores and north of Iberia (February) and at the northwest of Iberia (March). Such values per decade represent a decrease of over 60% of cyclonic centers between the first and last decades on record (relative to the first decade). In contrast, the area between Scotland, Iceland, and Scandinavia reveals a strong increase (significant at 10%) during February and March of more than 15% per decade at its maximum (relative to the period's average), which corresponds to an increment of roughly 50% between the first and last decades.
European Precipitation
Significant changes in the frequency of Atlantic cyclones aiming for Europe will inevitably lead to significant changes in the precipitation regime of the adjacent continental areas, including northern Africa, the Mediterranean basin, and central and northern Europe. Previous works have dealt with this link between long-term tendencies of cyclonic activity and precipitation, particularly for winter months, e.g. Ref. 5 . This link has been well documented for the month of March, which is characterized by a steep decline (increase) in precipitation in southwestern (northern) Europe and associated cyclonic activity. 10, 57 Here we extend this analysis to the remaining winter months, using the high resolution precipitation data set from the CRU to compute the monthly precipitation trends for the extended winter season between 1960 and 2000 (Fig. 9) . We have highlighted those regions that are characterized by statistically significant trends at less than 10% significance level (after applying a Mann-Kendall test). Despite some patchiness, it is possible to assert the following conclusions: a) Overall, there are more areas presenting a statistically significant decrease in precipitation than those characterized by an increment. This is particularly evident for southern Europe between January and March, although a large region over the northeast of Africa in November also shows significant decreases. b) There is a clear symmetrical division between northern and southern Europe in terms of precipitation trends, particularly so during January-March. In fact, southern Europe is strongly affected by important decreases in precipitation from January to March in contrast to the significant increases over northern European countries during these months. c) The northern European area, in particular the U.K. and Scandinavia, presents significant increments in precipitation throughout most of the considered months (with the exception of November).
For the purpose of performing an analysis of storm track activity and associated impact on precipitation, it is important to keep in mind that the algorithm used to track storms identifies and follows cyclone centers and the anomalies described in Figure 7 correspond to densities of storm centers. Therefore, the associated impact on precipitation extends to the south of regions where changes in cyclonic activity are verified and accompany the main fronts associated with the synoptic systems tracked by the algorithm. Despite this consideration, the combined analysis of cyclone trends and largescale precipitation over land gives a very useful and complementary perspective to the main issue under analysis in this work. Both Figures 7 and 9 effectively show that changes in the location of cyclones are highly related to contemporaneous changes in precipitation averaged over the adjacent areas. This is clearly evident for northern Europe throughout all of the wet season months. Statistically significant cyclone positive trends over the region between Greenland and Scandinavia are reflected in significant increased precipitation over land. Moreover, the strong decreasing cyclone activity over the Atlantic area during February and March had a notable impact on Mediterranean precipitation, particularly over Iberia where winter core average precipitation is mainly related to low-pressure transient systems with an Atlantic origin. 10, 65 Thus, it is possible to assert that the northern-southern European pattern of precipitation trends during the 1960-2000 core winter months was mainly related to similar changes in cyclone activity along the NAE sector.
Significant Wave Height in the Atlantic
A time linear regression was applied to the two 1970-2000 SWH data sets (original and corrected); however, in this paper we only present the results obtained with the corrected version (Fig. 10) . A Mann-Kendall significance test was applied to the SWH trends presented in Figure 10 . Most trends that are larger than 2 cm per year (either positive or negative) are statistically significant at the 5% level. We note that in the North Atlantic region, trends computed for the original ERA-40 data set show larger significance values (lower Mann-Kendall test values) than the corrected trends from October to December, a period dominated by positive trends in this region.
Once again monthly trends present a marked difference between the earlier and later winter period. Between October and December the vast majority of the North Atlantic Ocean is characterized by positive trends with maximum values (<2.5 cm/year) occurring between the U.K. and Iberia (October), west of Iberia (November), and close to the Azores in the mid-Atlantic (December). During the following 3 months (January to March) a different pattern emerges with positive values being found in the most northerly latitudes and negative trends positioned to the south at the Iberian Peninsula latitude and in the Mediterranean basin. Maximum positive trends (>3 cm/year) take place close to Greenland (January) and between the U.K. and Iceland in the following 2 months. February is the month that presents the largest negative trends south of lat 50
• N, between −2 and −3 cm/year in the corrected data set. The SWH also increases in February with values of up to 5 cm/year just north of Scotland.
We would like to emphasize the agreement between the SWH trend results and those obtained for wind (Fig. 8) and cyclones (Fig. 7) . In fact, throughout the extended winter months, regions with positive (negative) wind magnitude trends almost always have positive (negative) SWH trends. Nevertheless, in some cases this correspondence does not occur. For instance, in November and December the wind magnitude shows a weak negative trend to the northwest of the Iberian Peninsula that is not mirrored by the wave height trends. For the core winter months (January to March) the correspondence is well marked and both cyclone, wind magnitude, and SWHs show a distinct dipole of negative trends at lower latitudes and positive trends at higher latitudes in the North Atlantic. However, whereas February is the month with the largest wave height trends in the Atlantic, March is the month for the highest wind magnitude. We emphasize that the analyzed periods are not the same for the variables, with the wind period (1960-2000) being longer than the wave height period .
Large-scale Atmospheric Patterns
Impact on Wind and Cyclones
We have computed the monthly/seasonal spatial correlation pattern for the wind speed and the corresponding monthly/seasonal indices of major atmospheric circulation patterns The highest correlation values are found (for both variables) with the NAO index, particularly over northern latitudes. The wind speed patterns present three latitudinal bands with different correlation signals, with the positive bands stretching between Newfoundland and Scandinavia in the north and a subtropical band reaching the West African coast (Fig. 11,  top) . The mid-latitude band located in between shows a negative trend pattern, particularly on the western side of the Atlantic and some scattered areas in the Mediterranean. The corresponding NAO correlation pattern for the SWH presents an area with very high positive correlation values in the north between Greenland and the U.K. (R > 0.7), while the central sector of the North Atlantic shows negative values that are slightly smaller in magnitude (R ≤ 0.6). Negative values are also found within the Mediterranean Sea (Fig. 12, top) .
Correlations between wind and the EA index are less strong than those found with the NAO index, with values never surpassing 0.6 (Fig. 11, middle) . The same assessment applies to the EA-SWH pattern with the highest values ranging from slightly below −0.5 to just above +0.7 (Fig. 12, middle) . However, the EA-SWH correlation presents a much more coherent positive spatial configuration, unlike the typical dipole observed in the NAO-SWH pattern. A relatively small pattern of negative (positive) correlation values is found for both variables with maxima located between Iceland and the U.K. (Mediterranean Sea).
It is worth mentioning that the location of maximum correlation values for these two indices (NAO and EA) and the SWH fields is usually east of the corresponding maximum values obtained for the wind pattern. This result is to be expected because the magnitude of SWH depends not only on the local wind speed but also on the magnitude of the swell associated with distant storms, 13,14 which contribute to the upward or downward pile effect close to the European and African coasts. The link between the patterns obtained in these two figures now becomes obvious because the surface winds and associated cyclones at mid-to high-latitudes blow with mainly a westerly component. 11 This is not the case at subtropical latitudes where the easterly trade winds prevail, 66 impeding the appearance of a third region with high values of correlation with the NAO index.
The correlation pattern between the wind and the SCAND index is relatively weak and almost confined to the northeastern sector of the Atlantic, between Greenland and Scandinavia (Fig. 11, bottom) . Similarly, the highest correlation values observed between SWH-SCAND are dominated by a north-south negative/positive dipole (Fig. 12, bottom) . Positive correlations are relatively high close to Iberia and the North African coast, while negative values can be mostly observed north of the British Islands and also close to Newfoundland (for the wind). It should be remembered that the SCAND circulation pattern is the most continental teleconnection pattern used in this work (Fig. 5) and its impact in both the wind and SWH fields is expected to be confined to the ocean sector close to Europe.
Impact on European Precipitation
We have also computed the monthly/ seasonal spatial correlation pattern between European precipitation (high resolution CRU data set) and the corresponding monthly/seasonal indices of the three atmospheric circulation patterns considered. However, in this section we present the entire set of results obtained for each winter month. This approach was necessary to take into account the large spatial and temporal variability that characterizes the precipitation field over Europe. We have only shown those grid boxes characterized by correlation values statistically significant at least at the 10% significance level (Figs. 10-12) . No precipitation information is available from the oceans as our data set is constructed with precipitation values from rain gauges. In agreement with the work developed by other authors, our data show that other modes besides NAO play an important role in shaping European precipitation variability, e.g., Refs. 61-63, 67, 68. While the NAO pattern is one of the three leading causes of variability in the Northern Hemisphere SLP, at the monthly scale, throughout the whole year (except in September), the remaining modes used are less important. As a consequence, some of these modes have a smaller amplitude and regional characteristics during part of the year, 29 therefore the intensity of their impacts is slightly reduced compared with the NAO pattern.
The typical winter NAO-precipitation pattern shown in Figure 13 December and March (Fig. 13) , with large negative values over Iberia (r ≤ 0.7), northern Africa, and the central Mediterranean; positive values dominate over northern Europe, albeit with a smaller magnitude (r < 0.6). However, a different pattern emerges in October and November with weak but significant negative correlation values for most of Europe between Iberia and southern Scandinavia; positive values remain confined to small scattered patches of the U.K., Scandinavia, and most of northern Africa (Fig. 13) . Recent works have shown that the EA pattern represents a significant contribution to precipitation over northern Iberia 69, 70 as well as parts of the eastern Mediterranean areas. 4, 61, 67 The EA-precipitation correlation pattern that we show is less pronounced (lower values) and less consistent throughout the winter months when compared with the NAO-precipitation pattern, being almost negligible in March (Fig. 14) . Nevertheless, significant positive values dominate the western European facade with higher values (r > 0.5) being found from the U.K. to Scandinavia in October and November and between the U.K. and Iberia between December and February. Negative correlation values prevail in northern Africa and the central Mediterranean, with scattered secondary centers being observed in eastern Europe (October and December) and Norway (November and December).
Interestingly, results obtained with the corresponding SCAND-precipitation correlation monthly patterns present higher correlation values than those obtained with the EA pattern (Fig. 15) . These results are in agreement with those of previous authors that have shown that the SCAND pattern is associated with important precipitation anomalies in both western and eastern Mediterranean regions. 40, 61, 71 With the exception of December, all the remaining months are characterized by significant positive correlation values covering the Mediterranean basin. On the contrary, the western half of the Scandinavian peninsula (Norway) presents a persistent, large, negative value, lower then −0.6 over some grid boxes. The region between Germany and Poland is also characterized by negative values, particularly between January and March (Fig. 15) .
Conclusions
The first part of this study presented an integrated analysis of the frequency of cyclones and near surface (10-m) wind speed over the NAE sector using the ERA-40 reanalysis data for the extended winter and covering the 1960-2000 period. A comprehensive comparison between these trends and those of SWH [computed by the KNMI 13 from the ERA-40 reanalysis (1970-2000)] and the CRU land precipitation data set 45 was then made. Previous papers have evaluated the impact of both cyclones and wind patterns on either SWH, e.g., Ref. 14, or precipitation, e.g., Ref. 5 . However, to the best of our knowledge, none of these previous works have provided an all-encompassing impact analysis of the weather systems upon the ocean waves (SWH) and the climate of adjacent continental areas (precipitation) as we have presented here.
Our results revealed large changes in cyclone frequencies for the last four decades, particularly during the late winter months when significant decreases were found between the Azores archipelago and the western Mediterranean. In contrast, the Artic sector of the northern Atlantic (between Greenland and Scandinavia) suffered a significant increase in cyclones. In February and March the density of cyclones declined at an average rate of 20% per decade in some regions, corresponding to more than a 60% decrease between the first and last decades on record. On the other hand, the northern NAE region was marked by increments of up to 50% in January-March cyclone frequencies between the first and last decades during the same period. These results indicate that the opposite cyclone trends observed in southern and northern Europe are not restricted to March as previously hypothesized, 10 but are more widespread in time. Trends for wind speed obtained in this work (reaching up to 5 cm/year) were shown to be in good agreement with the trends for corresponding cyclone frequency, with a close match being found between regions affected by negative and positive trends for both variables.
Using the CRU high resolution land precipitation data set, it was possible to confirm the link between precipitation trends and cyclone frequencies for the extended winter season. It must be stressed that such an association is harder to establish for a number of reasons. In particular, the impact on precipitation extends to the south of each main minimum of pressure tracked by the algorithm used here. Nevertheless, there is a spatial coherence between both trend patterns obtained in this work, with decreases (increases) in precipitation appearing close to areas characterized by negative (positive) cyclone frequency trends. Precipitation trends over Europe during January-March reveal a contrasting latitudinal band structure between northern and southern Europe, with southern (northern) Europe presenting important decreases (increases) in precipitation.
The computation of SWH trends for the North Atlantic revealed very well-marked regions with variations that were almost always coincident with the cyclone and wind speed trend patterns. In particular, the early winter months are characterized by a wide region of positive wave height trends in the North Atlantic that is more widespread spatially than in the cyclone and wind speed case. As for cyclone frequencies and wind speed, a dipole of positive/negative SWH trends for JanuaryMarch was also detected between the Greenland-Scandinavian latitudes and south of lat 50
• N, with the largest trends occurring in February (−3 cm/year and +5 cm/year).
In the final part of this study we focused on the connection between the previous changes and the preferred phases of major large-scale atmospheric circulation modes or teleconnections (NAO, EA, and SCAND). Correlations between these indices and both wind speed and SWH were presented for the aggregated winter months October-March. Absolute correlation values higher than 0.7 with the NAO and the EA patterns were obtained over certain sectors of the North Atlantic basin. As expected, NAO was found to be positively correlated with wind speed and SWH at high to mid-latitudes and negatively correlated at mid-to low latitudes. On the other hand, negative correlation values were computed between EA and wind speed and SWH for high latitudes, whereas an extensive area of positive correlations was obtained for the mid-to low latitudes. We found that maximum correlation values for SWH with the NAO and EA indices were generally located to the east of maximum correlation values for the wind. Minor but still significant correlation values were also obtained for SCAND, particularly at high latitudes close to the NAE area where negative correlations lower than −0.6 were computed.
The impact of the three large-scale circulation modes on European precipitation was evaluated at the monthly scale, in order to address the large spatial and temporal variability that is a trademark of the precipitation field. The signature on precipitation of the three corresponding modes analyzed is clearly noticeable for the whole European continent. Although the NAO is the most prominent teleconnection for the entire North Atlantic region and, consequently, explains the highest fraction of precipitation variability over Europe, the EA and SCAND patterns also present notable influences on European rainfall. Naturally, the intensity and the aspect of their spatial impact in the precipitation patterns differ from one to another. While the NAO signature on precipitation is reflected in the consistent and wellknown positive (Northern Europe) and negative (Iberia) European precipitation dipole from December to March, the influences of EA and SCAND present a higher intramonthly intensity and spatial variability. Nevertheless, the SCAND pattern explains a higher fraction of precipitation variability compared with the EA mode. This is mainly reflected in the larger negative correlated area covering the whole Mediterranean basin throughout the winter season, while the EA influence is reduced to central and northern Europe for some winter months. Thus, a comprehensive analysis of several large-scale modes is a key factor for assessing the precipitation-circulation relation and providing the physical mechanisms responsible for the large winter precipitation trends found in Europe.
Finally, we would like to address the possible impact of anthropogenic climate change in cyclonic activity caused by increased greenhouse gases in the atmosphere. The current generation of global circulation models (GCMs) has shown a reasonable capacity to reproduce the spatial pattern of cyclones for current climate. 23, 72 According to these authors 23, 72 we can expect significant changes in the winter mid-tropospheric storm tracks independently from the emissions scenario adopted, with particularly large activity increases downstream of the Atlantic storm track over western Europe. 23 However, the magnitude of this signal is largely dependent on the imposed change in forcing. A common feature of all investigated GCMs is a reduced track density over central Europe under climate change conditions if all systems are considered. 72 If only extreme cyclones are considered, increased cyclone activity for western parts of central Europe prevails. With respect to extreme wind speeds, significant positive changes in intensity and frequency are obtained over certain areas of Europe. 72 
